Objectives: Leber's hereditary optic neuropathy (LHON) is a maternally inherited disease in which acute or subacute bilateral visual loss occurs preferentially in young men. Over 95% of LHON cases are associated with one of three mitochondrial DNA (mtDNA) point mutations, but only 50% of men and 10% of women who harbour a pathogenetic mtDNA mutation develop optic neuropathy. This incomplete penetrance and preference for men suggests that additional genetic (nuclear or mitochondrial) and/or environmental factors must modulate phenotype expression in LHON. A role for reactive oxygen species (ROS) in mitochondrial diseases, secondary to mtDNA mutations, or as a result of the direct effect of ROS cytotoxicity, has been implicated in many mitochondrial disorders, including LHON. The purpose of this study was to investigate the role of oxidative stress induced apoptosis in LHON. Methods: The 2-deoxy-D-ribose induced apoptotic response of peripheral blood lymphocytes from six patients with LHON and six healthy subjects was investigated using light microscopy, flow cytometry, agarose gel electrophoresis, and the measurement of mitochondrial membrane potential. Results: Cells of patients with LHON had a higher rate of apoptosis than those of controls and there was evidence of mitochondrial involvement in the activation of the apoptotic cascade. Conclusions: These differences in oxidative stress induced apoptosis are in line with the hypothesis that redox homeostasis could play a role in the expression of genetic mutations in different individuals and could represent a potential target in the development of new therapeutic strategies.
L
eber's hereditary optic neuropathy (LHON) is a late onset neurological disorder, in most cases associated with specific mitochondrial DNA (mtDNA) point mutations.
In some cases, a combination of two or more mutations has been reported. Eighteen different mutations have been described, three of which (nucleotides 11778, 3460, and 14484) are present in 95% of families and have been considered pathogenetic (first class mutations). 1 The clinical features of LHON include acute or subacute bilateral loss of central vision, which affects patients in the second or third decade of life. In addition to visual loss, patients and their maternal relatives have a variety of ancillary symptoms, such as cardiac conduction defects. 2 Various minor neurological problems, including ataxia, sensory neuropathy, and brainstem evoked auditory response anomalies, have been reported in patients without other neurological findings. 3 4 From the biochemical point of view, all patients with LHON show mitochondrial dysfunction in complex III or IV polypeptides, especially in complex I, 5 6 associated with missense mutations in mtDNA. Experimental studies suggest that an inverse association exists between the activity of complex I and reactive oxygen species (ROS), 7 8 agreeing with several lines of evidence indicating that ROS play a pivotal role in the pathogenesis of LHON. Therefore, a combination of complex I subunit mutations, partial deficiency of oxidative phosphorylation, as demonstrated by Guy et al, 9 and increased production of ROS may be the pathological events culminating in cell death and optic neuropathy. However, many of the data on the pathogenesis of LHON suggest that mtDNA mutations may be necessary but not sufficient for the manifestation of the disease; an intriguing feature of LHON is that only 50% of men and 10% of women harbouring one of the three primary mutations develop optic neuropathy. 10 This incomplete penetrance and the preference for male individuals suggest that nuclear or mitochondrial genes, or environmental factors, play a role in the pathogenesis of the disease, yet to be understood.
Recent studies have shown that the death of retinal ganglion cells (RGCs) characteristic of LHON occurs in an apoptotic manner, so that changes in the mitochondrial respiratory chain and/or in oxidative stress could play a role in the induction of apoptosis in LHON. 11 12 Apoptosis or programmed cell death is a type of cell death different from necrosis, which is essential for the removal of excess, unwanted, and harmful cells and for the maintenance of homeostasis. 13 Mitochondria play a key role in programmed cell death, namely: (1) they release cytochrome c into the cytosol in the first phase of apoptosis, activating caspase 9 14 ; (2) bcl-2, a protein located in the outer mitochondrial membrane, belongs to a large family of proteins involved in apoptosis, and is thought to inhibit the process through the release of cytochrome c 15 ; (3) the decrease of inner mitochondrial membrane potential, mediated by opening of the mitochondrial permeability transition pore, is a very early event in the apoptotic process 16 ; (4) electron transport alterations, oxidative phosphorylation dysfunction, and storage of free radicals suggesting mitochondrial dysfunction have been shown in apoptotic cells. 17 To investigate the role of oxidative stress in cells of patients with LHON, we studied oxidative stress induced apoptosis mediated by 2-deoxy-D-ribose (dRib) in peripheral blood lymphocytes.
MATERIALS AND METHODS
We analysed peripheral blood lymphocytes (PBLs) from six patients with LHON, comparing the results with those of six healthy age matched control. All patients had painless Abbreviations: dRib, 2-deoxy-D-ribose; JC-1, 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolcarbocyanine iodide; LHON, Leber's hereditary optic neuropathy; mt, mitochondrial; ONH, optic nerve hypoplasia; PBL, peripheral blood lymphocyte; RGC, retinal ganglion cell; ROS, reactive oxygen species subacute subsequential visual loss (usually within eight weeks), with early fundoscopic peripapillary telangiectatic microangiopathy and subsequent optic atrophy. All patients underwent cardiological, neurophysiological, and neuroradiological examination, but no additional neurological or cardiac features were found. LHON was confirmed by the demonstration of an mtDNA mutation: five patients had the G11778A mutation and one had the T14484C mutation. Biochemical tests, including routine blood chemistrynotably concentrations of pyruvate, lactate, vitamin E, and vitamin A-were normal.
Peripheral blood lymphocytes from patients and controls were obtained in an aseptic manner; mononuclear cells were separated by centrifugation on a Lymphoprep gradient, 18 and treated as previously reported. 19 Apoptotic cell death was induced with dRib, a reducing sugar that stimulates apoptosis by oxidative stress. 20 one, 24, 48, and 72 hours in a 5% carbon dioxide atmosphere. At each time point, cells from each patient and control were harvested and analysed by light microscopy, flow cytometry, gel electrophoresis, and by measurement of mitochondrial membrane potential; morphological confirmation of apoptosis (cell shrinkage, nuclear condensation, extensive formation of membrane blebs, and apoptotic bodies) was observed by light microscope examination, as reported previously. 22 The presence of apoptotic cells was evaluated by flow cytometry as reduced fluorescence of propidium iodide (a DNA binding dye) in the apoptotic nuclei, according to Nicoletti et al. 23 Quantitative measurement of the time course and the extent of apoptosis in PBLs was performed primarily by the assessment of cells appearing in a sub-G1 peak on the DNA profiles. Reduced DNA binding of propidium iodide dye in apoptotic cells has been seen in several systems, 24 including PBLs, and has been validated as a method for the quantitative analysis of the apoptotic response in PBLs. 25 One of the major biochemical events of apoptosis is the internucleosomal cleavage of DNA strands 26 ; this process results in DNA fragmentation into 200 base pairs, or multiples of them, and appears as a ''ladder'' pattern in agarose gel electrophoresis. Statistical analysis of the cytofluorimetric assay data was performed by the Kruskal Wallis test, a non-parametric test, taking p values less than 0.05 to be significant.
To delineate the mechanism of dRib cytotoxicity in PBLs, we analysed the dissipation of the mitochondrial membrane potential (DY m ) by a semiquantitative assay using a mitochondrion specific probe of the carbocyanine family: 5, 5', 6, 6' -tetrachloro -1, 1', 3, 3' -tetraethylbenzimidazolcarbocyanine iodide (JC-1). 27 JC-1 has been used successfully for flow cytometric measurement of mitochondrial potential by virtue of the fact that its dual emission characteristics are sensitive to membrane potential. 28 It is mitochondrion selective, forming aggregates in normal polarised mitochondria that emit at 590 nm (red-orange) after excitation at 490 nm. The monomeric form found in cells with depolarised mitochondrial membranes emits green fluorescence at 527 nm. Determination of the JC-1 fluorescence ratio is a well established and reliable method to monitor changes in mitochondrial membrane potential. 27 Cells incubated with and without dRib were stained with 10mM JC-1 for 30 minutes at room temperature and analysed by flow cytometry.
RESULTS

Flow cytometry
Quantitative analysis of the sub-G1 region of dRib treated cells showed a time dependent increase in the percentage of hypodiploid DNA in both groups. After one hour of incubation with dRib, the percentage of apoptotic cells was similar in the two groups, but after 24, 48, and 72 hours of culture, it was much higher in PBLs of patients with LHON than in those of normal donors (p , 0.05; fig 1) .
Between one and 72 hours of culture with dRib, the increase in percentage of apoptotic cells was greater in PBLs of patients with LHON (50.7 fold) than in those of controls (30.8 fold). The maximum difference in apoptotic response to dRib between the two cell populations was seen after 24 hours of incubation, when the percentage of apoptotic cells in the patients with LHON was more than double (2.2 fold) that of control cells. No significant difference was found between the two groups of PBLs cultured without dRib (fig 2) . 
Agarose gel electrophoresis
The presence of apoptotic cells in dRib treated PBLs was confirmed using agarose gel electrophoresis, a semiquantitative method. However, in development situations in which apoptotic cells are scattered throughout a larger population of non-apoptotic cells, the demonstration of a DNA ladder may be difficult. fig 1A) and controls (fig 1B) . Cells from patients with LHON incubated with dRib showed DNA fragmentation with a striking, typical ''ladder pattern'' after 24, 48, and 72 hours of culture. After 24 and 48 hours of incubation with dRib, control cells showed a weak ''ladder configuration'' ( fig 1B) . In both groups, agarose gel electrophoresis showed DNA fragmentation (smearing) after 24, 48, and 72 hours of culture without dRib, but not the typical ladder configuration (data not shown).
Measurement of mitochondrial membrane potential
The incubation of LHON and control cells with dRib induced a significant reduction in the JC-1 590/527 nm fluorescence ratio, which levelled off after 48 hours. 
DISCUSSION
LHON is a maternally inherited form of central vision loss, in which three prevalent pathogenic mtDNA mutations at positions 11778, 3460, and 14484 affecting different subunits of complex I cause RGC death and optic nerve atrophy. Cell death is painless and without inflammation, suggesting an apoptotic mechanism. Recently, the role of apoptosis in RGC degeneration has been tested extensively; Krishanamoorthy et al showed that in an immortalised rat RGC cell line, deprivation of trophic factors induced cellular death by apoptosis. 30 Wein and Levin 31 found that transection axotomy) of the optic nerve in small animals induces retrograde axonal degeneration and cell death by apoptosis of RGCs. Activation of the apoptotic cascade in retinal neurones appears to occur via the major apoptotic pathway described for neurones of the central nervous system, including activation of caspases, (mainly caspases 9 and 3), 32 c-jun kinase, 33 and Bcl family proteins. 34 In addition to these proteins, other molecules, such as tumour necrosis factor a 35 and glutamate, 36 have been shown to induce apoptosis in retinal neurones. Several authors have evaluated different aspects of apoptosis in tissue and cells from patients with LHON. Saadati et al compared the distinctive patterns of nerve fibre distribution and axonal dropout in LHON and other inherited disorders, such as optic nerve hypoplasia (ONH), and concluded that ONH is the result of an apoptotic process, whereas LHON is the result of a specific degenerative process. 37 However, this postmortem study had two important limitations: only one nerve was observed and this was done 60 years after the onset of LHON. Mirabella and colleagues 38 evaluated apoptosis in muscle biopsies of patients with different forms of mitochondrial encephaloneuromyopathies, and reported abnormalities in the process in all cases except a LHON specimen characterised by the absence of a detectable biochemical or morphological abnormality; however, only one case of LHON disease was examined in that study. Various results have recently been obtained; Danielson and colleagues 39 were the first to discover that cells (osteosarcoma derived cybrid) with pathogenic LHON mutations were more sensitive to Fas dependent apoptosis than were control cells. Ghelli et al recently stressed the role of apoptosis in the same cell lines harbouring one of the three most frequent LHON pathogenic mutations. 12 They documented that LHON cybrid cell death is apoptotic and saw increased release of cytochrome c into the cytosol, demonstrating mitochondrial involvement in the activation of the apoptotic cascade.
Other studies have provided direct proof that oxidative stress can damage mtDNA. In two recent papers, oxidative stress was engineered genetically in mice by targeted deletions in superoxide dismutase or the adenine nuclear transporter. Subsequent analysis showed a significant increase in mitochondrial rearrangements, associated with impaired mitochondrial function and morphology. 40 41 Wong et al found that mtDNA mutations such as LHON mutations confer sensitivity to oxidative stress induced death. 42 In a cell model with complex I impairment, Barrientos and Moraes 7 identified a positive and quantitative correlation between apoptosis and free radical production. In 2002, Wong and colleagues 11 and Ghelli et al, 12 in two different experiments, showed that cybrids with LHON mutation have increased production of ROS. This suggested the reason for the cell specificity of the LHON degeneration phenotype for the first time, highlighting that degeneration of RGCs could be the result of an interaction between mtDNA mutation, complex I alteration, and increased ROS production. In an elegant experiment with mice in 2003, Qi and colleagues 43 induced the reduction of mitochondrial superoxide dismutase and observed similar histopathological findings to those seen in the RGC of patients with LHON, confirming the key role of ROS in the pathogenesis of LHON.
Our study is the first one in which apoptosis induced by oxidative stress has been examined in cells from patients with LHON. Lymphocytes from patients with LHON treated with the oxidising agent dRib showed a significant increase in the percentage of apoptotic cells with respect to controls; no relation was evident between the percentage of apoptotic cells and the type of mtDNA mutation. The JC-1 test revealed depolarisation of the mitochondrial membrane potential in lymphocytes from patients with LHON, with a greater shift from red-orange to green fluorescence after 48 hours of culture than in control cells. Our observation confirms that the apoptotic process induced by oxidative stress primarily involves the mitochondrial cascade. LHON cells showed a particular susceptibility to this inducer and confirmed the notion of a direct link between complex I (commonly altered in patients with LHON) and changes in mitochondrial membrane permeability. Fontaine et al found that complex I may be part of the pore complex, strongly supporting this association. 44 Finally, our data are in line with and complementary to those from LHON cybrid cells, 11 12 confirming that the alteration of redox homeostasis renders the RGCs of patients with LHON vulnerable to apoptotic cell death. This factor could play a role in the different individual expression of genetic mutation and be a potential target in the development of new therapeutic strategies.
